Anthropogenic effects of crude oil and natural gas exploration have contributed to high concentrations of chemicals of environmental concerns, such as polycyclic aromatic hydrocarbons (PAHs). In this study, soil (n=98), water (n=11) and sediment (n=54) samples were collected from regions of active petrochemicals operating facilities in the Niger Delta, with the purpose of categorizing the prevalence of these toxicants in the host environment and to determine the source of each, using isometric ratios . The collected samples were analyzed for PAHs. The total concentrations of 17 PAHS (∑17TOTALPAHs) in the soil samples ranged from 613.9 -5947 ± 794.9 mg/kg. The concentration of the 7 potential carcinogenic PAHs (∑7CARCPAHs) in the soils varied from 297 -4080.6 ± 546.3 mg/kg with a median of 419 mg/kg. The ∑17TOTALPAHs concentrations in total water samples varied from 119.8 -450.0± 117.9 mg/L, while the sediment concentrations ranged from 6.0-132.0±28.7 mg/L. Isometric ratios indicate that the source of PAHs in the Niger Delta area is mainly from petrogenic sources with a mixture of some pyrolytic inputs.
Introduction
Polycyclic aromatic hydrocarbons or polynuclear aromatic hydrocarbons (PAHs) are a group of different organic compounds containing various merged aromatic rings of hydrogen and carbon atoms (Chen et al., 2004) . The source of origin is both natural and anthropogenic, especially in petrochemical environment. PAHs are released from spilled crude oil (Readman et al., 2002) and also, formed as byproducts from anthropogenic sources such as the incomplete combustion of organic substances, fossil fuels, automobile and machine exhaust, waste and wastewater discharge, oil spill and other industrial activities (ATSDR, 1993) . PAHs are lipophilic compounds (Wang et al., 2007) and they amass in organic substances (Nam et al., 2008) with the soil as a potential reservoir (Yunker et al., 2002) . In this study, 17 total PAHs were determined in soils, sediments and water samples. The occurrence of PAHs originating from the combustion of crude oil and natural gas emissions exist as complex mixtures of several compounds and majority of the PAHs in the environment are produced from incomplete fossil fuel pyrolysis (NRC, 1983) . According to Pike (1992) , about 97% of PAH emissions are from fixed fuel sources. PAHs are categorized based on the carbon ring numbers (benzene rings) and their carcinogenic potency as shown in Table 1 . These varieties of PAH substances are chemicals of concern due to their toxicity on human health, but amongst the carcinogenic groups, BaP is the most potent (U.S. EPA, 1995) while the other 16 PAHs are considered hazardous (Busetti et al., 2006) . PAHs bioaccumulates in soils when released in the environment either by short or long distance transport (Thomas, 1986) . The individual ratios of PAHs in soils such as Phe/Ant, Flr/Pyr, Ant/(Ant+Phe), and BaA/(BaA+Chr) are important in determining the contamination sources (either pyrogenic or petrogenic) of the PAH (Trapido, 1999) . Molecular indices based on ratios of selected PAH concentrations are widely used to identify PAHs from petrogenic and pyrogenic origins (Budzinski et al., 1997; Yunker et al., 2002; Pies et al., 2008) .
These compounds pose significant risk to human health by means of inhalation of soil particulates, dermal contact and accidental ingestion of soil particles (Mielke et al., 2007) . The ∑17 PAH analyzed in this study were based on their relative toxicity, availability of existing information and the potential of an adverse effect on humans. There have been extensive studies by the United States Environmental Protection Agency (US EPA) on the associated risk effects of PAHs in the environment.
More emphases have been given to BaP due to its carcinogenity and effects on humans and the ecosystem. Critical limits of PAHs in soils have been determined from regulatory risk assessments in the United States (US) and the European Community (EU), and cleanup programs with very low risk levels have been designed for PAH impacted sites. The standard set by the Comprehensive Environmental response, Compensation, and Liability Act (CERCLA) was used to derive a risk level of 0.1 mg/kg -BaP, for cleanup (U.S. EPA, 1993) . TPHs are classified as quantifiable aggregate of hydrocarbon from petroleum derivatives found in environmental materials (Gustafson, 1997) and samples were analyzed for TPH concentrations. In this study, samples were collected from areas with high petrochemicals operations in the Niger Delta, with the purpose of categorizing the prevalence of these toxicants in the host environment and to determine the source of each, using isometric ratios.
R. Olawoyin, S. Oyewole, C.W. McGlothlin, B. Heidrich, S.O. Abegunde, A. Nieto, and O.T. Okareh / International Journal of Environmental Pollution and Solutions (2014) (Powell et al., 1985) . The population of the region is about 31 million (CRS, 2008) , Annual mean temperature is estimated to be 80°F and annual average rainfall is 3000 mm (heavy rainfall due to proximity to the equator) (Akintola, 1982) .The dynamism of marine sediment buildup and fluviatile activities during the upper Cretaceous, led to the formation of the Niger Delta, which is typified by widespread interconnectivity of, deltaic tributaries, mangrove swamps, flood plains, creeks, and coastal barrier islands. The soils in the region are of fluvial origin, characteristic of the backswamps soils include peat covered water-logged weighty clay whereas clay and silty loamy soils are found in elevated areas (Rahaman, 1976) .
Sampling
Surface level soil samples (0-15-cm in depth) were collected (n=98) at four different petrochemical and residential locations in the region which include Bonny terminals (BN), Eriemu flow stations (ER), Odidi compressor gas station (OD) and Warri-River compressor Station (WR) (Fig. 2) . A deliberate attempt was made in selecting soil sampling sites based on the proximity to pollution sources and also in residential areas close to the petrochemical activities in order to capture health risk of humans living in this locality. The use of fertilizers for agricultural purposes was not common in the sample areas, yet samples were not collected on artificially enhanced farmland. A stainless-steel scoop and auger (prewashed with acetone) were utilized for the topsoil collection and samples were stored at -4°F in a prewashed glass flask, which was later extracted and analyzed. Sample solutions were refrigerated until analysis.
Sample chemicals, materials and extraction
Samples collected were representative of the soil; sediment and water samples (surface and groundwater, boreholes-20 feet deep) and three samples were collected per each sampling point to avoid contamination during analysis. The sampling cans were properly washed with detergent and rinsed profusely with tap water and distilled water. Samples for total hydrocarbon were collected in clean glass bottles with screw caps. In the case of soil and sediment, composite samples were collected. Soil and sediment samples from the sites were collected, using a stainless steel 4-inch diameter tube auger on to aluminum foil, wrapped and put into black polythene sampling bags and labeled. Samples were preserved and transported according to the department of petroleum resources (DPR, 2002) recommended procedures in order to avoid sample degradation and transformation. The samples were stored in an ice chest at 4 o C and transported to the laboratory for physico-chemical analysis. On arrival at the laboratory, samples were immediately transferred into the refrigerator where they were stored at 4 o C.
The quality assurance/control (QA/QC) precautions were taken in order to achieve results of high confidence level. e. Acceptance limit for RRF calculated from daily standards were less than 25% difference as compared to initial calibration values. Analysis of reference oil was performed daily.
f. Adequacy of instrument performance was determined for: i.
Baseline separation of n-C17 and pristane, n-C18 and phytane ii.
Baseline separation of Phenanthrene and Anthracene iii. Area Count Ratio of Naphthalene/Benzo (a) pyrene.
A Department of Petroleum Resources (DPR-Nigeria) approved laboratory (Mailin Oilfied Services) performed the analysis. Details on sample collection and analysis are presented in Olawoyin et al., (2012 Olawoyin et al., ( , 2013 .
Result and discussion

Composition of polycyclic aromatic hydrocarbons in surface and underground water
Concentrations of ∑17PAHs in surface water (SW) and borehole samples (BH) for each site reported in Table 2 , ranged from 119.8 -450.0± 117.9 mg/L with a median of 141.9 mg/L. BN SW1 has the lowest concentration, while the highest total PAHs concentrations was detected at ER BH3, this was close to an oil spilled area. Majority of the sites were marked by history of oil spillages, but the area surrounding the ER BH3 location had visible oil sheens on the surface, this was apparently reflected in the result obtained from the analysis of the borehole water sample. The total PAHs, TPHs and BTEXs concentrations in the sediments are represented in Table 3 , which shows the PAHs ranged from 31.4 mg/kg (at OG location) to 132 mg/kg (at OD location), while the TPHs for the sediment varied from 7878.8 mg/kg to a maximum value of 76,510.9 mg/kg at OD location. Details on TPHs and BTEX are discussed in section 3.3 and 3.4 respectively. 
Composition of polycyclic aromatic hydrocarbons in the soil samples
Concentrations of ∑ 17PAHs in surface soil for each site were different among sites, ranging from 613.9 mg/kg dry weight (dw) at BN-13 to 5947.8 mg/kg (dw) at ER-28 (Table 4) , with geometric mean ∑ 17PAHs of 1088.7 mg/kg for all samples. The sum of the concentration (mg/g dw) of the seven carcinogenic PAHs (BaA, Chr, BbF, BkF, BaP, DahA and InP) were also calculated, which varied from 297.9 mg/kg to 4080.6 mg/kg (Table 5 ). The dominant PAH compounds were InP (20%), BkF (20%), BghiP (20%), BaP (9%), and Chr (5%), and also the carcinogenic PAHs amount to 69% of the total PAH content. The high concentrations of these compounds in these study regions are mainly anthropogenic. Heavy petrochemical activities in these areas, such as the incomplete burning of petroleum products, blowouts of wells, well fires, and gas flaring activities have potentially increased the concentrations of PAHs, PCNs and TPH in the Niger Delta area (NDA). It was discovered that soil samples taken close to the petrochemical industrial sites had the highest ∑ 17 PAH and TPH concentrations, while residential areas closer to these industries also showed significantly high concentrations of these compounds. Nonetheless, samples collected far away from anthropogenic activities gave the lowest concentrations of the PAHs and TPH. For the individual PAHs in the NDA, there are differences in composition between the four locations (BN, ER, OD and OG) but they show similar trends in distribution (Fig. 3) . Elevated levels of BkF, InP and BghiP were observed at several sites in OD, ER and OG, while moderately high levels of 5-6 rings PAHs predominate several sites at BN. The highest levels of Phe and Flu were found at sites of ER, while OD showed higher levels of Flu, BaP, Acy, BkF, DahA, and BbF. Phe has lower molecular weight and the high concentrations averaging about 75 mg/kg in all locations suggests the presence of spilled crude oil in soils that are not burnt (Wilcke, 2007) . Table 4 shows the statistical summary of the total PAHs concentrations in the soil of the NDA, while the PAH concentrations of the sampled locations is represented in Table 5 . In terms of the median concentration values, the lowest PAH concentration was recorded for Ant of 6.5 mg/kg at BN, while the highest PAH value was for BkF of 174.4 mg/kg at OD.
The PAHs pattern of distribution by ring sizes amongst the soil samples from BN, ER, OG and OD locations in the NDA are presented in Fig 3. PAH total median concentration in BN soils varied from 766 to 2304 mg/kg, while ER, OG and OD varied from 1164 to 5948 mg/kg, 1071 to 2312 mg/kg and 1327 to 3312 mg/kg respectively. The highest levels of PAH were observed at locations nearest to petrochemical installations in the area. The areas sampled can be considered to be highly contaminated with PAHs, since the values obtained are very high compared to the classification of slight contamination (0.25 mg/kg), moderate contamination (0.25 -0.5 mg/kg) and high contamination (> 0.5 mg/kg) (Soclo et al., 2000) . PAHs concentrations in soil samples in other parts of the world vary widely due to the different types of activities prevalent in the regions. Blumer et al., 1977 found the ∑ PAHs in Swiss soils to vary from 6-300 mg/kg, while the concentrations in New England cities ranged from 2.29 -166.65 mg/kg with a mean value of 18.36 mg/kg (Bradley et al., 1994) .
This study has shown that the concentrations of ∑17PAHs determined in soil samples are higher than values found in the Linz industrial complex (Austria) with mean values of 1.5 mg/kg (Weiss et al., 1994) . Kathmandu soils in Nepal are characterized by PAHs values of 10.3 mg/kg (Aichner et al., 2007) , whereas 26.3 mg/kg PAHs value was recorded for Tallinn soil in Estonia (Trapido, 1999) . A range of 0.06 -5.8 mg/kg and 4-20mg/kg were determined for PAHs concentrations in urban background soils (Menzie et al., 1992 ) and England roadways (Butler et al., 1984) respectively. Beijing soil recorded PAHs value of 27.8 mg/kg (Tang et al., 2005) . Global rivers, creeks, lakes and coastal environments have been polluted from PAHs varying in concentrations from 1-760 mg/kg (Zakaria et al., 2002) . Ngange et al., 2011 determined the total PAH concentrations in soils of Esuk Utan (Niger Delta) of up to 26 mg/kg. The Niger Delta however has significantly higher PAHs values in soils than most of the industrialized regions due to extensive oil spills (which are often combustible), lack of clean up enforcements and ineffective policies.
PAH characteristic fingerprints in the NDA using isometric ratios
Different sources have been associated to the origin of PAHs (Tang et al., 2005; Jiang et al., 2009; Banger et al., 2010) . PAH mostly occur from hydrocarbon compounds which are plant derivatives (phytogenic), hydrocarbon compounds derived from petroleum products (petrogenic), such as unburned petroleum, and from the combustion of hydrocarbon compounds (pyrogenic), such as petroleum, tar, coal wood etc. Persistence and bioaccumulation of PAHs occur from the pyrogenic sources but not from those with petrogenic input (JEL, 2012) . The ratio of compounds with the same molecular weight within the same structural isomer class of PAHs is known as the isomeric ratio. The ratio of the individual PAHs can be used to determine the origin of the PAH, based on the pattern of distribution and the source of emission as documented in related studies (Notar et al., 2001; Morillo et al., 2007; Jiang et al., 2009; Viñas et al., 2010) . Petrogenic and pyrogenic sources are distinguishable using the ratios such as Ant/(Ant+Phe) (Pies et al., 2008) , Flu/ (Flu+Pyr) (De La Torre-Roche et al., 2009) BaA/(BaA+Chr) (Akyüz and Çabuk, 2010, Yunker et al., 2002) and InP/(InP + BghiP) (Yunker et al., 2002) . The ratio Ant/(Ant+Phe) <0.1 (Fig. 4) and BaA /(BaA+Chr) <0.2 suggest petrogenic origin while values exceeding 0.1for Ant/(Ant+Phe), and 0.35 for BaA/(BaA+Chr) are considered to be of pyrogenic origins.
Fig. 4. PAH isometric ratio for Ant/ (Ant+Phe)
Yunker et al., 2002 described BaA/(BaA+Chr) range between 0.2-0.35 to be typical of combustion activities, between 0.4-0.5 as burning of liquid fuel and less than 0.4 as pollution emanating from petroleum. If lower molecular weight (LMW) PAH predominates the sites sampled, this also suggest that the PAH source is most likely from petrogenic inputs. Conversely, the prevalence of high molecular weight (HMW) PAHs and ratios between the LWM and HMW lower than unity signifies a pyrolitic origin (Soclo et al, 2000) . In the present study, the values of Ant/ (Ant+Phe) ranged from 0.04 -0.33 with majority of the values ≤ 0.1 (Fig. 4) , while the ratios of Flu/ (Flu+Pyr) varied from 0.2 -0.7 with majority of the values ≤ 0.5 (Fig. 5) , suggesting petrogenic inputs of PAHs in the locations. The InP/(InP+BghiP) ratio varied from 0.2 -0.8, while the ratios of Flr/(Flr+Pyr) varied between 0.3 -0.9 as shown in Fig. 6 . Majority of the PAHs analyzed from the OD location suggest a pyrogenic source based on the double plot between InP/(InP+BghiP) and Flr/(Flr+Pyr), which could be due to the local combustion of wood (from burnt bushes and vegetation, coal and other substances such as tar. Petroleum derivatives were shown also in Fig. 6 to be the potential PAHs main source in the BN location. These contaminants are possibly derived from spilled oils, tyre oil, asphalt, and petroleum derived soot. The ER location showed a predominance of multiple sources, but the source that corresponds more to this location tends to be from biomass combustion similar to the OD location. Most of the PAHs from the OG location correspond to sources that are mainly from petroleum origin such as the unburned petroleum and from petroleum combustion. Not more than two ratios are necessary in determining the potential origins of the PAHs, since the use of multiple criteria could result in ambiguity and false result interpretation (Notar et al., 2001 ).
The Phe/Ant ratio was also used to determine the original input of the PAHs in the soil at the different sampled sites. Phe/Ant ratio greater than 10 indicates PAH from petrogenic origins (Readman et al., 2002) . The Phe/Ant ratio shows evidence of petrogenic input in the distribution of PAHs in soils and water samples at all locations (Fig. 7) . Some of the sites were characterized by contaminations from a mixture between petrogenic and pyrolytic sources, with possible origins from contaminations proximate to several petrochemical activities in the region. It can be suggested however, that PAH contaminations in NDA soils are basically from petroleum products, such as from unburned petroleum products spilled into the environment; this is consistent with the study by Anyakora et al., 2011 . It can be concluded that the anthropogenic input of petroleum B&CC PC UP products into the environment of the NDA from waste and accidental discharges has significantly elevated the levels of PAHs in environmental media found at these locations.
Fig. 7.
Isometric plot of pyrolytic sources (Phe/Ant <10) and petrogenic sources (Phe/Ant>10) for soil and water samples
Concentrations of TPH and BTEX in the NDA
TPH describes numerous chemical compounds that were originally derived from crude oil, with varying contents. There are several characteristics of the products contained in the group of TPHs; some have clear colors (liquids) that evaporate readily while others are darker (liquids or solids) which are thicker and do not evaporate. Examples of these compounds include; fuel oil, gasoline, asphalt and kerosene. The mixtures of these hydrocarbons are found in the soil samples and other contaminated environmental media which are measured as total TPH. The quantity of TPH concentrations determined in a sample is valuable in assessing the level of contamination from petroleum input.
Samples from the four sample regions in the NDA were analyzed and TPH concentrations were determined. The median concentration of the TPHs is shown in Fig.8 , which the OD location was shown to have the lowest median concentration of TPHs (14651.9 mg/kg dry weight) but has the highest water and sediment TPH concentrations, suggesting possible crude oil spillage in the water bodies. The ER location had the highest soil TPH median concentration (40195.2 mg/kg dry weight) and also a high sediment contamination. Bradley et al., 1994 reported the upper 95% confidence interval TPH values in Boston soils as 652.62 mg/kg, which is about 40 times lower than values determined in the present study in the NDA.
There is a general trend of high TPH concentrations in soil and sediment samples in all four locations, indicating land and marine pollution from petroleum derivatives. The cleanup levels for gasoline ranges from 28 -15600 mg/kg, while that of diesel or crude oil is up to 23000 mg/kg. The DPR intervention value and target value for TPHs in sediments are 5,000 mg/kg and 50 mg/kg respectively. Benzene, toluene, ethylbenzene, and xylene (BTEX) are monocyclic aromatic compounds that are present in petroleum products (US EPA, 2010). These compounds are volatile and also found in other petroleum derivatives such as coal tar (Mercer, 1993) . BTEX is a group which is readily soluble in gasoline and therefore suggests the contamination level of gasoline (Moore, 1998) . Other characteristics of BTEX include high flammability, miscible with organic solvents but immiscible with water and possess strong distinguishable odor (EEA, 2010) . The BTEX concentrations determined in the four locations indicate the lowest median concentration of BTEX in soils to be in the OD region (302.5 mg/kg). This is consistent with the total TPH distribution in the sampled regions since the BTEX highest median concentration of 569.7 mg/kg was found at the ER location. The DPR intervention value and target value for BTEX in sediments are 206 mg/kg and 0.2 mg/kg respectively. The elevated value determined for BTEX in the locations is consistent with other findings in this study suggesting that there is predominance of petrochemical pollution in the Niger Delta area, mostly from aliphatic hydrocarnons. BTEX contributes about 2 % to TPHs in soil (Figs 8 and 9 ) and less than 1% to TPHs in sediment (Table 3) . Gas flaring plays a major role in the hydrocarbon contamination of the areas studied. Most of the areas were marked by visible gas flaring furnaces very close to the surface. The accumulation of the straight or branched chained hydrocarbons such as methane and ethane in this environmental media might be responsible for the elevated concentrations of aliphatic hydrocarbons compounds in the samples.
Conclusion
1. Quantitative analyses of ∑17 PAHs and TPHs in soils, sediments and water samples from four petrochemical active regions of the NDA were carried in this study. The ∑17 PAHs of soil samples ranged from 613.86 -5947.8 mg/kg with a median concentration of 984.5 mg/kg. The ∑17 PAHs for water samples in all locations varied between 119.8 -450.6 mg/L with a median concentration of 141.9 mg/L, while values for the sediment samples ranged from 6 -132 mg/kg with a median concentration of 62.7 mg/kg. The TPH values in soil samples were determined and varied between 14,000 -40,000 mg/kg, while TPH vales in sediments ranged from 25.6 -76510.9 mg/kg (24108 mg/kg median) and water samples varied from 329.6 -2066.93 mg/kg.
2. The elevated concentrations of PAHs and TPHs in soils, sediments and water samples were found in the four regions studies in the NDA, with largest concentrations close to areas with high petrochemical activities and decreasing contaminations were found in residential soils. The prevalent PAH compounds in sampled soils were InP BkF BghiP BaP and Chr; representing 74% of the total PAH concentration while the carcinogenic PAHs concentration aggregated to 69% of the total PAH content. This result is consistent with the extent of environmental degradation in this region due to oil and gas exploration.
3. Isometric ratios (Phe/Ant, InP/(InP+BghiP) and Flr/(Flr+Pyr)) of PAHs revealed that majority of the PAHs in the NDA are from petrogenic inputs.. These ratios are representative of PAHs inputs from petrogenic sources, such as: unburned petroleum and other petroleum derivatives. Other locations around the sample areas show significant influence of a mixture between petrogenic and pyrolytic origins (such as vehicle emissions, coal tar etc). This study indicates that the potential source of PAHs in the soil of the sample areas were mainly from petroleum products. Due to the usage of heavy equipment for exploration and production of petroleum, high levels of PAHs can be attributed to the combustion involved in operating of this equipment, including the incessant oil spills and gas flaring activities endemic in the region. To further support these observations, the levels of TPHs and BTEX found in these regions are very high compared to the regulatory target level of 100 mg/kg, suggesting heavy petroleum presence in the environmental media.
4. PAHs are unavoidably associated with the production of energy, and the elevated levels of PAHs distributed in the NDA can also be directly linked to the extensive petroleum development and activities widespread in these regions. All the locations showed physical evidence of anthropogenic pollution and the contaminants determined in these samples were assessed to be higher than those reported in other studies conducted in other parts of the world. It can be concluded that the anthropogenic inputs of petroleum derived products in the NDA, which in most cases are released from waste and accidental discharges, have significantly increased the levels of PAHs, TPH and most probably other inorganic pollutants in the environmental media and can pose risk to the ecosystem, particularly human health.
